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In t roduc t ion  

There i s  now a wea l th  of l i t e r a t u r e  t h a t  d i s c u s s e s  c o a l  s t r u c t u r e  i n  terms 
of t he  concepts of polymer sc i ence  (1-7). 
macromolecular network with a degree of c ros s - l i nk ing  and a s o l / g e l  r a t i o  
( so lub le  e x t r a c t / i n s o l u b l e  network) t h a t  v a r i e s  with rank. 
consider  t h e  c e n t r a l  premise of t h i s  approach i n t u i t i v e l y  p l e a s i n g ,  we be l i eve  
the re  a r e  a number of major  problems w i t h  the  a p p l i c a t i o n s  of  s p e c i f i c  
t h e o r i e s ,  no tab ly  those  t h a t  involve the  assumption of  Gaussian cha ins  and the  
use o f  the Flory-Huggins equa t ion  t o  c a l c u l a t e  molecular  weights  from 
mechanical and s w e l l i n g  measurements. I n  a d d i t i o n ,  du r ing  t h e  l a s t  t e n  yea r s  
t he re  has been a r e v o l u t i o n  i n  polymer theory based predominantly on t h e  work 
of t h e  French schools  and summarized i n  de Gennes book (8). In many a r e a s  t h i s  
supplements r a t h e r  t h a n  r e p l a c e s  the c l a s s i c  approach of  Flory ( 9 ) ,  but recent  
work on swollen polymer g e l s  by Candau and co-workers ( 1 0 , I l )  c l e a r l y  
demonstrates t h a t  measurements on t he  swe l l ing  of c o a l  have t o  be considered i n  
a t o t a l l y  d i f f e r e n t  f a sh ion .  

Coal is cons ide red  t o  be a 

Although we 

In t h i s  communication we w i l l  a t tempt  t o  c r i t i c a l l y  a s s e s s  these  f a c t o r s .  
In p a r t i c u l a r ,  we w i l l  po in t  o u t  t he  key r o l e  played by hydrogen bonding i n  
coal  s t r u c t u r e  and how t h e  presence o f  such s t r o n g ,  d i r e c t i o n a l  i n t e r a c t i o n s  
does no t  permit  t he  u s e  of Flory-Huggins s o l u t i o n  theory.  We w i l l  then d i scuss  
a s p e c t s  of va r ious  new t h e o r e t i c a l  approaches t h a t  hold promise f o r  desc r ib ing  
the s t r u c t u r e  of  c o a l .  

Hydrogen bonding and t h e  macromolecular s t r u c t u r e  of c o a l  

A t  t he  l a s t  ACS meet ing we d i scussed  va r ious  a s p e c t s  of hydrogen bonding 
i n  c o a l  and presented FTIR r e s u l t s  t h a t  demonstrated t h a t  t h e  predominant 
spec ie s  p re sen t  involved v a r i o u s  cha ins  and /o r  c y c l i c  complexes of phenol ic  OH 
groups,  t y p i c a l  examples of which a r e  i l l u s t r a t e d  i n  f i g u r e s  1 and 2 .  There 
a r e  c e r t a i n l y  some hydroxy l / e the r  and hydroxyl /pyridine- type base hydrogen 
bonds a s  w e l l ,  but  i n  most c o a l s  t h e s e  do n o t  seem t o  be t h e  p r i n c i p l e  spec ie s  
p r e s e n t .  We w i l l  not  reproduce the experimental  evidence,  a s  t h i s  w i l l  be 
presented i n  a s p e c i a l  i s s u e  of  Fuel (12) .  A s  f a r  a s  t h e  arguments we wish to  
make he re  a r e  concerned,  t h e  p r e c i s e  n a t u r e  of t h e  hydrogen bonded complexes 
a r e  no t  important .  
s i g n i f i c a n t  c o n c e n t r a t i o n s  has  a profound in f luence  on che behavior  of a 
polymer m a t e r i a l  and what t h e o r e t i c a l  t o o l s  can be s u c c e s s f u l l y  app l i ed  t o  a 
d e s c r i p t i o n  of s t r u c t u r e .  

J u s t  t h e  f a c t  t h a t  hydrogen bonds a r e  p re sen t  i n  

The molecular  weight  or cha in  l eng th  between c ross - l ink  po in t s  (M ) is a 
key parameter i n  d e s c r i b i n g  polymer networks.  Theore t i ca l  descr ipt ion:  of 
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t hese  m a t e r i a l s  a r e  of n e c e s s i t y  based on a number of s impl i fy ing  assumptions.  
The most c r i t i c a l  of t hese  a r e  t h a t  t h e  c h a i n  s t a t i s t i c s  a r e  Gauss ian ,  a l l  t h e  
cha in  ends a r e  jo ined  t o  the  network, en tanglements  can  be neg lec t ed  and 
deformations a r e  a f f i n e  ( t h e  d isp lacements  of t h e  c r o s s  l i n k  p o i n t s  a r e  l i n e a r  
i n  s t r a i n ) .  In t e s t i n g  t h e  p r e d i c t i o n s  of theory  i t  has  proved necessary  t o  
put t oge the r  (with some very  c l e v e r  polymer chemis t ry)  networks wi th  p r e c i s e l y  
def ined  s t r u c t u r e s .  
t h e i r  ends i n  s o l u t i o n .  
knowledge of the  q u a n t i t y  of i n t e r e s t ,  M . 
ends", those  cha ins  wi th  only  one end jo?ned t o  t h e  network, can  be important 
(10,11).  C lea r ly ,  i n  c o a l  t h e  s i t u a t i o n  i s  f a r  worse. The c h a i n  segments 
between c r o s s  l i n k  p o i n t s  a r e  probably too  s h o r t  and too  s t i f f  t o  be anywhere 
near Gaussian and i t  would be e x t r a o r d i n a r y  i f  dangl ing  ends were n o t  p re sen t .  
I f  t h i s  were not bad enough, some measurements have been made on s o l v e n t  
swollen samples. Here, even i f  t h e  cha ins  were long and f l e x i b l e  enough t o  be 
cons idered  Gaussian,  t he  d i s t a n c e  between c r o s s  l i n k s  no longer  s c a l e s  a s  NOe5 
(where N i s  the  number of " repea t  un i t s " ) .  In s t ead ,  exc luded  volume e f f e c t s  
become important and M 
var ious  mod i f i ca t ions  Ef rubber  e l a s t i c i t y  theory  t o  account f o r  some of t hese  
f a c t o r s ,  but t he  v i r t u e  of s i m p l i c i t y  i s  l o s t  and the  equa t ions  inco rpora t e  
a d d i t i o n a l  parameters t h a t  have t o  be f i t t e d  t o  t h e  d a t a .  

Monodisperse cha ins  a r e  syn thes i zed  and l i nked  through 

Even S O ,  t h e  e f f e c t  of "dangling 
This  minimizes en tanglements  and provides  a p r i o r  

s c a l e s  a s  N ~ * ~  (8,101. Of c o u r s e ,  t h e r e  have been 

Although these  problems a r e  cons ide rab le ,  and have been c l e a r l y  recognized 
by a number of workers t h a t  have a t tempted  t o  apply  rubber  e l a s t i c i t y  theory  t o  
c o a l ,  i f  a l l  t h a t  w e  r equ i r ed  was a very  rough "ba l lpark"  e s t ima te  of M 
might be poss ib l e  t o  l i v e  wi th  these  l i m i t a t i o n s .  
f a c t o r s  t h a t  have t o  be cons ide red ,  however, and they are so c r u c i a l  t h a t  they 
make e s t ima tes  o f  molecular  weight p re sen ted  i n  t h e  l i t e r a t u r e  e s s e n t i a l l y  
meaningless.  
The f i r s t  i s  the  use of Flory-Huggins theo ry  t o  d e s c r i b e  polymer s o l v e n t  
i n t e r a c t i o n s .  This theory  provides  b e a u t i f u l  i n s i g h t  i n t o  t h e  major  f a c t o r s  
t h a t  a f f e c t  s o l u b i l i t y ,  bu t  i n  terms of p r e d i c t i v e  c a l c u l a t i o n s  i t  has  t w o  
major d e f e c t s ,  well-recognized i n  t h e  polymer l i t e r a t u r e ,  bu t  l a r g e l y  ignored 
when t h i s  equat ion  i s  app l i ed  t o  c o a l .  The f i r s t  problem involves  f r e e  volume 
e f f e c t s .  These have been accounted f o r ,  most no tab ly  i n  the  equa t ions  of s t a t e  
approach (13) and w e  presume t h a t  a modi f ied  or approximate t r ea tmen t  could  be 
app l i ed  t o  coa l .  This  is not  t h e  p r i n c i p l e  concern  a t  t h i s  s t a g e  of ou r  
research  program, however. We a r e  much more i n t e r e s t e d  i n  t h e  second "defec t"  
of F lory  Huggins theory  when a p p l i e d  t o  c o a l ,  t he  use of the  X i n t e r a c t i o n  
parameter.  

i t  
There a r e  two a d d i t i % a l  

The second of t hese  w i l l  be cons idered  i n  a s e p a r a t e  s e c t i o n .  

Flory-Huggins theory  is b a s i c a l l y  an ex tens ion  of r e g u l a r  s o l u t i o n  theory.  
Two terms a r e  cons ide red ,  a combina to r i a l  en t ropy  expres s ion  and a van Laar 
type exchange i n t e r a c t i o n  term t h a t  has  t h e  form $ 
exchange energy and $ 
the  mixture .  The product $ $2 r e p r e s e n t s  t h e  p r o b a b i l i t y  of c o n t a c t  between 
polymer segments and so lven t  molecules and i m p l i c i t l y  assumes random mixing. 
TheJ term f o r  hydrocarbons i s  de r ived  by assuming weak London d i s p e r s i o n  
fo rces  and i n  t h e  o r i g i n a l  formula t ion  i s  always p o s i t i v e  ( a c t u a l l y  >/ 
Hydrogen bonding cannot be accounted f o r  i n  t h i s  scheme. Secondary f o r c e s  t h a t  
a r e  s t r o n g ,  s p e c i f i c  and d i r e c t i o n a l  w i l l  r e s u l t  i n  a number of 1 : 2  c o n t a c t s  
t h a t  exceeds t h a t  due t o  random mixing by an  amount t h a t  w i l l  depend upon t h e  
energy o f  t he  i n t e r a c t i o n .  Furthermore,  t h e  format ion  of hydrogen bonds 
r e s u l t s  i n  a change of en t ropy  a s  well a s  en tha lpy  ( t h a t  i s ,  an a d d i t i o n a l  

$ x, where x i s  t h e  
$2 a r e  the  volume f r ac t ion :  o$ so lven t  and polymer i n  

0). 
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en t ropy  term to  t h a t  d e s c r i b i n g  combina to r i a l  mixing) .  As Prigogine (14) has 
po in t ed  o u t ,  t he re  i s  no s a t i s f a c t o r y  theo ry  of s t r o n g  i n t e r a c t i o n s ,  
p r i n c i p a l l y  because t h e  r o t a t i o n a l  p a r t i t i o n  f u n c t i o n  i s  not  independent of t h e  
t r a n s l a t i o n a l  p a r t i t i o n  func t ion .  
t o  d e s c r i b e  these  systems,  however, and we have r e c e n t l y  adapted t r ea tmen t s  
used t o  desc r ibe  t h e  behavior  of a l c o h o l s  i n  hydrocarbon so lven t s .  This i s  
descr ibed i n  d e t a i l  e lsewhere (151, but t h e  key p o i n t  a s  f a r  as t h i s  d i scuss ion  
is concerned i s  t h a t  t h e  Flory-Huggins equa t ion  i s  modified by t h e  a d d i t i o n  of  
a term dGH which d e s c r i b e s  the  change i n  t h e  f r e e  energy due t o  the  change i n  
the pa t t e r ;  of hydrogen bonding when a m a t e r i a l  t h a t  s e l f  a s s o c i a t e d  (eg.  c o a l ,  
through OH groups) is mixed with a spec ie s  t h a t  competes with these  hydrogen 
bonds. The equa t ions  a r e  ob ta ined  i n  a concep tua l ly  s imple f a sh ion ,  but  the 
a lgeb ra  necessary t o  d e s c r i b e  and e x p l a i n  t h e  r e s u l t  is too lengthy t o  
reproduce i n  t h i s  s h o r t  p r e p r i n t .  The key p o i n t  i s  t h a t  w e  o b t a i n  an 
expression for%$ t h a t  c o n s i s t s  of  parameters  t h a t  a r e  experimental ly  
determinable  (most s i g n i f i c a n t l y ,  t h e  f r a c t i o n  of OH groups t h a t  a r e  
hydrogen bonded, measured by FTIR). We w i l l  d i s c u s s  t h e  a p p l i c a t i o n  of t h i s  
approach more completely i n  a f u t u r e  p u b l i c a t i o n .  
making i s  t h a t  hydrogen bonds do n o t  permit  t h e  use  of  conven t iona l  s o l u t i o n  
theory and a new approach is requ i r ed .  

It is p o s s i b l e  t o  use an equ i l ib r ium scheme 

not 

The c e n t r a l  po in t  we a r e  

Before proceeding t o  a d i s c u s s i o n  of  t h e  second f a c t o r  t h a t  obv ia t e s  the 
use of  t r a d i t i o n a l  polymer theo ry  f o r  determining c o a l  molecular  weights ,  i t  i s  
important t o  c o n s i d e r  one o r  two a d d i t i o n a l  f a c t o r s  a s s o c i a t e d  w i t h  hydrogen 
bonding in  coa l .  F i r s t ,  i n  many s t u d i e s  t h e  degree of swe l l ing  of  c o a l  samples 
is p l o t t e d  a s  a f u n c t i o n  of so lven t  s o l u b i l i t y  parameter va lues .  Two maxima 
were observed i n  one r e c e n t  s tudy (17) and these  were s e p a r a t e l y  assigned to  
the s o l v a t i o n  of t h e  macromolecular network by a s o l v e n t  with a s o l u b i l i t y  
parameter s i m i l a r  t o  t h e  c o a l ,  wh i l e  t h e  second was assigned t o  t h e  breaking of 
hydrogen bonds. Th i s  i n t e r p r e t a t i o n  i s  j u s t  p l a i n  wrong. S o l u b i l i t y  parameters 
a r e  r e l a t e d  t o  the  F l o r y  X parameter  and a r e  simply a d i f f e r e n t  formulat ion of 
a van Laar type i n t e r a c t i o n  term. P l o t t i n g  d a t a  f o r  hydrogen bonding m a t e r i a l s  
as  a func t ion  of such parameters  is meaningless  f o r  t h e  reasons given above. A 
double maximum was observed because THF and p y r i d i n e  both c o n t a i n  hydrogen bond 
"acceptor" groups (atoms w i t h  a l one  p a i r  of  e l e c t r o n s )  and so w i l l  both 
hydrogen bond t o  c o a l  pheno l i c  OH groups.  However, they have very d i f f e r e n t  
" f io lub i l i t y  pir.=!eters" a d  so a r e  sepa ra t ed  i n  t h i s  dimension by non-hydrogen 
bonding so lven t s .  The double maxima a r e  simply an a r t i f a c t  of t h i s  cond i t ion .  
I f ,  i n s t e a d ,  we cou ld  p l o t  swe l l ing  a g a i n s t  t h e  s t r e n g t h  of competing hydrogen 
bond formation ( c o a l l s o l v e n t  vs c o a l  s e l f - a s s o c i a t i o n ) ,  then a much more 
c r e d i b l e  p l o t  would be ob ta ined .  S z e l i g a  and Marzec (17) produced one such p lo t  
using the donor number-acceptor number approach of Gutmann (18).  The physical  
meaning of t hese  numbers i s  obscure ,  however. In order t o  i l l u s t r a t e  ou r  point 
we t h e r e f o r e  p l o t  s w e l l i n g  measurements r epor t ed  i n  t h e  l i t e r a t u r e  a g a i n s t  the 
s t r e n g t h  o f  t h e  hydrogen bonds formed between t h e  s o l v e n t s  i n  ques t ion  and 
phenol ic  OH groups,  which can  conven ien t ly  be measured by s h i f t s  i n  OH 
s t r e t c h i n g  modes (12 ) .  
maxima (see Figure 3 ) .  

There i s  a s t r a i g h t f o r w a r d  c o r r e l a t i o n  and no double 

F i n a l l y ,  t h e  p re sence  of hydrogen bonds h a s  a n  extremely important b u t  
l a r g e l y  ignored e f f e c t  on t h e  de t e rmina t ion  of t h e  molecular  weight of so lub le  
c o a l  der ived l i q u i d s .  
complexes. The s i z e  of  t hese  aggrega te s  w i l l  depend upon t h e  hydrogen bonding 
c a p a c i t y  o f  t he  s o l v e n t .  

These w i l l  hydrogen bond t o  form mul t i -molecu la r  

Because t h i s  i s  an equ i l ib r ium p rocess ,  however, i t  



is easy  t o  show t h a t  t h e r e  w i l l  always be aggrega te s  p re sen t  (15 ) ,  even i n  
extremely d i l u t e  s o l u t i o n s  of hydrogen bonding so lven t s .  
problems a s soc ia t ed  wi th  molecular  weight measurements, t h i s  a lone  b r ings  i n t o  
ques t ion  the  r e l i a b i l i t y  of most publ i shed  va lues .  

Discount ing  o t h e r  

Des in t e r spe r s ion  

The f i n a l  "problem" i n  us ing  t h e  concep t s  of polymer sc i ence  t h a t  we wish 
( 1 0 , I l ) .  to  d i scuss  i s  a phenomenon c a l l e d  d e s i n t e r s p e r s i o n  by Candau e t  a l .  

This concept a rose  from obse rva t ions  made in  neut ron  s c a t t e r i n g  s t u d i e s  o f  
model polymer networks. LITTLE o r  NO CHAIN EXTENSION WAS OBSERVED I N  SWOLLEN 
POLYMER NETWORKS, r e l a t i v e  t o  the  unswollen s t a t e .  Following F lo ry  (131, it  
was then  noted t h a t  t h i s  e f f e c t  i s  no t  t o p o l o g i c a l l y  forb idden .  
can be made between topo log ica l  ne ighbors  ( c r o s s l i n k  p o i n t s  connec ted  by t h e  
same cha in  i n  t h e  network) and s p a t i a l  ne ighbors ,  connected by longe r  network 
pa th l eng ths ,  a s  i l l u s t r a t e d  schemat i ca l ly  i n  F igure  4. 
then an acco rd ion l ike  unfo ld ing  of t o  g ive  t h e  type  o f  swollen s t r u c t u r e  shown 
in F igu re  5 .  
change conformation or end-to-end d i s t a n c e .  

swells a t  l e a s t  i n  p a r t  i n  such a f a sh ion .  Theore t i ca l  d e s c r i p t i o n s  o f  
swel l ing  have t o  change t o  account f o r  t h i s .  One promising approach i s  t h e  
analogy t o  polymer semid i lu t e  s o l u t i o n s  sugges ted  by De Gennes (8). Much work 
remains before  t h i s  can  s e n s i b l y  be app l i ed  t o  c o a l ,  however. 

A d i s t i n c t i o n  

Des in t e r spe r s ion  i s  

A cons ide rab le  degree  o f  "untangl ing"  can  occur  b e f o r e  cha ins  

It i s  more than l i k e l y  t h a t  c o a l ,  w i t h  i t s  r e l a t i v e l y  s h o r t ,  s t i f f  c h a i n s ,  

Conclusions 

Our conc lus ions ,  s t a t e d  b a l d l y ,  sound r a t h e r  harsh .  Previous  
app l i ca t ions  of polymer theory  t o  c o a l  a r e  unsound and q u a n t i t a t i v e l y  wi thout  
meaning because hydrogen bonding and d e s i n t e r s p e r s i o n  have been l a r g e l y  
neglec ted .  However, t hese  s t a t emen t s  have t o  be p laced  i n  t h e  c o n t e x t  t h a t  i t  
i s  only  r e c e n t l y  t h a t  t hese  f a c t o r s  have been cons idered  by polymer 
t h e o r e t i c i a n s .  It i s  ou r  view t h a t  t h e  s c i e n t i s t s  who p ioneered  t h e  s tudy  o f  
coa l  a s  a macromolecular network made a major  conceptua l  advance. The work 
presented  he re  i s  not  a c r i t i c i s m  of t h i s  fundamental p remise ,  bu t  a re f inement  
based on r ecen t  advances.  
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Figure  1 Schematic r e p r e s e n t a t i o n  of ( t o p )  cha ins  of hydrogen bonds 
formed between phenol ic  OH groups  and (bottom) phenol ic  
OH-ether hydrogen bonds. 
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Figure 2 Cyclic tetranuclear complex formed between four phenolic OH groups 
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Figure3 Degree of swelling of coal (data from References 16 and 17) 
plotted against the infrared frequency shifts of the phenolic 
OH group when dissolved in the same solvents. 
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Figure 4 Schematic representation of a polymer network. The heavy lines 
illustrate the spatial separation between topological neighbors 
(after Candau et al., References 10,ll). 

Figure 5 Schematic representation of the swollen network with "desinterspersion 
of the cross link points. 
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